e studied the bone mineral density (BMD) of 48 long-term survivors of highly malignant osteosarcoma who had been treated according to the chemotherapy protocols of the German-Swiss-Austrian Co-operative Osteosarcoma Study Group which include high-dose methotrexate. The mean age of the patients was 31 ± 4.2 years and the mean follow-up 16 ± 2.2 years. The BMD of the lumbar spine and of the proximal femur of the non-operated side was measured by dualenergy x-ray absorptiometry. A questionnaire was given to determine life-style factors, medical history and medication. Ten patients were osteoporotic, 21 osteopenic and 17 normal according to the WHO definition.
W sarcoma since 1977, 1 and it is important to review the longterm side-effects which may result from the disease and its treatment.
Intensive neoadjuvant chemotherapy may affect bone mass. 2 Under healthy conditions the bone mineral density (BMD) increases during childhood and adolescence until the peak bone mass is reached. 3, 4 Any serious disease during the period of bone accumulation, for example, a malignant bone tumour, and its treatment, may predispose patients to methotrexate (MTX) osteopathy, which is characterised by pain in the bones, osteoporosis, and an increase in the risk of fracture. 5 Other causes of decreased BMD may be the disease itself, the ectopic production of parathyroid hormone (PTH), paracrine secretion of lymphokines and decreased physical activity. [6] [7] [8] Studies which have investigated the BMD of long-term survivors of malignant diseases such as leukaemia, have shown normal as well as reduced levels of BMD. 9, 10 Two have examined the short-term effects of treatment with MTX on the bone mineral content in patients with osteosarcoma and found lower levels in patients who had received high doses of MTX. 11, 12 Our aim was to evaluate the BMD in long-term (>10 years) survivors of highly malignant osteosarcoma which had been treated according to the COSS protocols.
Patients and Methods
Between 1970 and 1990, 262 patients at our institution were diagnosed as having highly malignant osteosarcoma. Of these, 172 received either adjuvant (COSS 77, 1) or neoadjuvant chemotherapy (COSS 80 -COSS 90; 171) according to the COSS protocols which include doxorubicin, highdose MTX, cyclophosphamide, and, additionally, in different combinations bleomycin, dactinomycin, vincristine, cisplatin, and ifosfamide. 1 The study protocol was approved by the Ethics Committee of our institution and all patients gave their informed consent.
From this population, patients were recruited for this study if they had been free from disease for at least ten years after completion of the treatment as shown by radiography and MRI. There were 82 candidates of whom 16 could not be traced. The remaining 66 were contacted by telephone; eight declined to participate. Questionnaires were sent to the remaining 58 patients, to determine demographic and clinical details. Oncological data were obtained from the files of the local Tumour Registry. All 58 patients returned the questionnaires. Functional evaluation was according to Enneking et al, 13 histological classification according to Enneking, Spanier and Goodman, 14 and histological regression grading (response to preoperative chemotherapy) according to Salzer-Kuntschik, Brand and Delling. 15 Of the 58 patients who returned the questionnaire 48 agreed to have bone densitometry performed. These patients form the basis of this study. There were 22 men and 26 women with a mean age of 31.00 ± 4.24 years (18 to 41). The mean Enneking score for functional evaluation of reconstructive procedures after surgical treatment was 21 ± 4.24 points (5 to 29). Tables I and II give details of the patients and oncological data.
All had received chemotherapy and had had resection of the tumour with wide margins. The main site of the tumour was in the femur in 31 patients (four proximal and 27 distal), in the tibia in 13 (11 proximal and two distal), in the proximal humerus in three and in the rib in one. The lesions were solitary in 45 patients and multiple in three. Histological diagnosis revealed highly malignant osteosarcoma in all patients (osteoblastic osteosarcoma in 25, chondroblastic osteosarcoma in eight, fibroblastic osteosarcoma in three, dedifferentiated osteosarcoma in nine, and surface osteosarcoma in three). Five had demonstrable metastases at the time of diagnosis (four in the lung and one in two ribs). In Neoadjuvant chemotherapy had been given to 47 patients, and adjuvant chemotherapy to one according to the COSS protocol. 1 One patient had had additional irradiation.
The limb had been preserved in 36 patients, with an endoprosthetic reconstruction in 31 and en-bloc resection with plating in five. Nine patients had had a Van Ness rotationplasty (eight at the knee, one at the hip). Three had had an amputation, two below the knee and one a disarticulation through the knee. All nine patients with a Van Ness rotationplasty and the three with amputations have external limb prostheses. Of the 31 patients whose limb had been preserved, 28 received a Kotz Modular Femur/Tibia Replacement (KMFTR; Howmedica, Kiel, Germany), and three a Howmedica Modular Replacement System (HMRS; Howmedica) in the humerus. There were 21 distal femoral KMFTR prostheses, four in the proximal tibia and three in the proximal femur. Minor or major complications had required treatment in 14 patients.
From the entire group, four patients reported a family history of osteoporosis and three other diseases affecting bones. Sixteen patients had fractures before diagnosis of highly malignant osteosarcoma and 18 patients thereafter. After completion of the chemotherapy, three received or continue to receive treatment with either cortisol or oestrogen replacement therapy. Three had prophylaxis with calcium and five with vitamin D. All reported that they drank milk but at different frequencies; 25 on a daily basis, 16 two or three times a week and seven once a week. Twenty-six patients admitted to regular alcohol intake, 0.5 l of wine or its equivalent per day/ week for a mean time of ten years (1 to 15), and 24 were smokers or are still smoking and had done so for a mean of ten years (0.8 to 16). Thirty-one took part in a specific physical activity, but at different intensities (2 daily, 8 twice or three times a week, 21 once a week) and 17 did no physical exercise. Three are members of a sports club.
The mean age of the menarche in the 26 women was 13.0 years (9 to 15). In 12 the menstrual cycle had been interrupted by chemotherapy for a mean period of 8.5 months (3 to 18). At the time of follow-up, 23 had regular menstrual cycles and in three, they were irregular. Twenty-one had used oral contraceptives for a mean of five years (0.5 to 14). One has had hormone replacement therapy for a short period. Fourteen and their partners have 16 healthy children. Three women have had elective terminations. Table III gives the details. Densitometric technique. The BMD of the lumbar spine (LS) and proximal femur (PF) of the non-operated side was measured by dual-energy x-ray absorptiometry (DXA; Hologic QDR 4500; Hologic, Waltham, Massachusetts, Lunar DPXL; Lunar, Madison, Wisconsin). In order to correct for the different techniques we re-calculated the values of the Lunar DXA according to the standardisation approach of Genant et al. 16 The raw BMD measurements on the patients were compared with measurements of a reference population and expressed in terms of standard deviations from this reference population (t-scores). A refinement of these standardised measurements results from a comparison of the raw BMD values with those for healthy age-and sex-matched reference subjects. The reference population for age-matched comparisons was based on the National Health and Nutrition Examination Survey (NHANES) database (z-scores).
The patients were classified into three groups according to the t-score of the LS and the PF as recommended by the World Health Organisation guidelines. The overall BMD score was defined as the lower of the LS or PF scores. Osteoporotic patients were defined as those with an overall BMD score of less than -2.5. An overall BMD score of between -2.5 and -1.0 was evidence of osteopenia. An overall BMD score above -1 was regarded as normal. 17 The coefficient of variation for short-term precision has been reported to be 0.5% to 1.5% for the BMD of the spine 18 and 1% to 2% for the BMD of the femur. Laboratory examinations. These were performed on 33 patients. Blood samples were taken in the morning after an overnight fast, using a Vacutainer system (Becton Dickinson Vacutainer Systems, Plymouth, UK). Total serum calcium (normal range 2.10 to 2.65 mmol/l) was analysed the same morning. The remaining aliquots were stored at -70˚C for later analysis of 1,25-(OH)-vitamin D (normal range 15 to 65 pg/ml), parathyroid hormone (normal range 15 to 65 pg/ ml), calcitonin (normal range -10 pg/ml), bone-specific alkaline phosphatase (normal range 15.0 to 41.3 U/1), osteocalcin (normal range 11 to 48 ng/ml) and C-terminal linked telopeptides of type-I collagen (normal range 0.5 to 3.7 nmol/l). All analyses were performed with kits with the same lot number from the same factory, with the samples in random order. Stastistical analysis. This was performed on the age-standardised BMD scores for the four locations (z-scores). These provide a simple and reliable comparison of the patients in our sample with a reference population of normal individuals. For a sample of such normal individuals, the expected mean and SD are µ 0 = 0 and σ 0 = 1. The formal statistical analysis is based on the construction of simultaneous confidence intervals for µ 0 and σ 0 , the respective means and variances of the z-scores for the four locations and the total z-score. The intervals for the mean are t bounds, those for the variances are ξ 2 bounds. 20 Each of the ten intervals has a nominal coverage probability of 0.995%. Due to the Bonferoni principle the joint coverage probability of the ten intervals is at least 95%. 20 Because of the duality of tests of hypothesis and confidence intervals the intervals reported in Table VI can be directly used to test the hypothesis H 0 : µ 0 = 0 against H 1 : µ 0 ≠ 0 and the hypothesis H 0 : σ * = 1 against the alternative H 1 : σ * ≠ 1 at a joint level of significance of at least 5%.
The null hypothesis both for the mean and for the SD should be that there is no effect, i.e. that the mean is 0 and that the SD is 1. A standardised mean of 0 indicates that this population of patients has the same mean as that of the reference population of age-and sex-matched healthy individuals. A positive value for the standardised mean indicates that the mean of this population is a number of SDs above that of the reference mean, and a negative patient standardised mean indicates that the patient mean is a number of SDs below that of the reference population. The worse the raw score is, the greater is the degree of osteoporosis. Therefore, the null hypothesis should be that µ = 0, and if it is absolutely certain that the patient standardised mean can only be negative then a one-sided alternative can be used. However, if there is a possiblity, even if it is very unlikely, that the patient mean is greater than that of the reference population then a two-sided alternative should be adopted. Similarly, for the SD the test should be H 0 : σ = 1 against the alternative that σ ≠ 1 since, although the SD may be expected to increase, it may decrease.
The primary hypothesis tested is also the motivation for this study, namely the belief that patients with osteosarcoma who have undergone chemotherapy experience an adverse effect on the BMD. Therefore, for each of the four locations we tested the hypothesis H 0 : µ * ≥ 0 against the alternative H 1 : µ * < 0.
If the effect on BMD due to chemotherapy is uniformly the same for all patients, the SD across patients should remain 1. In instances of a differential response an increase in the SD would be expected. Therefore as a secondary hypothesis we also tested the hypothesis H 0 : σ * ≤ 1 against the alternative H 1 : σ * > 1.
In addition, the correlation coefficient (multiple correlation coefficient, where applicable) between the demographic, clinical, and histological variables and the BMD was calculated and, for each variable the hypothesis H 0 : ρ * = 0 against the alternative H 1 : ρ * ≠ 0 was tested.
Results
Details of the laboratory findings are given in Table IV. There were ten patients with an overall BMD lower than -2.5 (osteoporotic values), 21 with a BMD between -1.0 and -2.5 (osteopenic values) and 17 with a BMD above -1.0 (normal). The individual scores of the DXA measurements are shown in Table V.  Table VI contains the means, variances and corresponding confidence intervals for the z-scores for each of the four sites as well as the total score. The sample means range from -0.90 to -0.47, and there is strong evidence in at least three instances that the underlying population means are negative (significance level of at least 5%). The sample variances range from 0.92 to 2.14. In four of the five instances there is an increase in variance; in one instance (femoral neck) there is a statistically significant increase (significance level of at least 5%) in the variance suggesting that the magnitude of the impact of therapy on bone density may vary between patients.
Discussion
To our knowledge, our study is the first to determine the BMD in long-term survivors of highly malignant osteosarcoma who received chemotherapy according to the COSS protocol. In these patients the BMD was significantly lower when compared with a young, healthy and age-matched reference population. Based on the WHO guidelines, of the 48 patients, ten showed osteoporotic (20.8%) and 21 osteopenic (43.7%) values. These are unusually high numbers, which is confirmed by the formal analysis. Four of the five bone densitometric sites showed a moderate increase in the standard deviation. In two, intertrochanteric and total femur, the increase was statistically significant and in the femoral neck there was strong evidence of a statistically significant increase.
During childhood and adolescence bone mass is accumulated until the peak bone mass is reached after adolescence. 3, 4 Peak bone mass is thought to be genetically determined and influenced by a number of endogenous and exogenous factors. Diseases occurring during this critical time period may influence bone accumulation negatively and lead to a lower peak bone mass. A decrease in the BMD of the hip by 1 SD results in a 2.6-fold age-adjusted increase in the risk of future fracture of the hip. 21 Therefore, determination of the BMD in long-term survivors of chemotherapy for highly malignant osteosarcoma is obviously important.
Most patients suffering from highly malignant osteosarcoma are young; in our series the age range was between 6 and 20 years. During this period, bone mass accumulates to reach a peak at the late twenties or early thirties. By measuring the BMD in long-term survivors, the impact of (neo)adjuvant chemotherapy in highly malignant osteosarcomas on the accumulation of the bone mass can be studied.
The commonest site of osteosarcoma is the lower limb (more than 90% in our series). It may cause immobilisation and require the use of crutches or a wheelchair for a period of time. Lack of use or immobilisation is known to lead to reduced bone mass. Although the BMD was measured in the lumbar spine and the proximal femur of the contralateral non-operated side, which normally experiences greater loading because of immobilisation of the affected leg, the BMD values of the patients studied were equally distributed over the three WHO groups. Furthermore, there were no differences between patients with limb salvage or Van Ness rotationplasty, and amputation.
Although (neo)adjuvant chemotherapy used in the COSS protocol, focuses on cells of malignant bone tumours, healthy cells are also affected. Of the chemotherapeutic drugs used in the treatment of highly malignant osteosarcoma, MTX is known to be highly cytotoxic to osteosarcoma cells in vivo. 22 High concentrations of MTX suppress bone formation by inhibiting the differentiation of early osteoblasts. 23 In animal experiments both bone formation and resorption are affected by MTX. 24 In patients with leukaemia, treatment with MTX during childhood and adolescence is associated with pain in the bones, osteoporosis and non-traumatic fractures, a syndrome known as MTX osteopathy. 5 On the other hand, low-dose MTX, used in the treatment of rheumatoid arthritis, does not seem to affect bone metabolism, either in the short 25, 26 or in the long term. When all available variables for all patients were compared with the results of the DXA measurements, only the following showed a statistically significant correlation: body weight, serum levels of C-telopeptide, types of endoprosthesis and the menarche in female patients. Body weight, but not body mass index, showed a statistically significant correlation with BMD (p = 0.03). Higher values of BMD were seen in patients of greater weight. The effect of weight on BMD seems to be related to the load on weightbearing bones in both sexes. The differences in women after the menopause may be due to the production of oestrogen by adipose tissue. 29 Serum levels of bone-specific alkaline phosphatase (an osteoblast enzyme) and osteocalcin (a bone matrix protein) are the best markers of bone formation. The telopeptide markers appear to be the most specific and responsive markers of systemic osteoclast activity. 30 In our study the level of C-telopeptides (p = 0.04), but not bone-specific alkaline phosphatase or osteocalcin, showed a significant correlation with the BMD. We therefore speculate that for the patients in this study, lower BMD is related to bone resorption due to greater osteoclast activity, while bone formation seems to be normal (according to serum markers). Although some patients used vitamin D and/or calcium as a prophylactic agent, the serum levels of vitamin D and of calcium were within the normal range.
27,28
The type of endoprosthesis was the only variable related to the disease process and its treatment which was significantly associated with the BMD. In the lower limb, proximal femoral and proximal tibial replacements showed lower values of BMD compared with distal femoral replacements and other surgical procedures (Van Ness rotationplasty, enbloc resection and amputation) (p = 0.05). Other variables which we would expect to influence the BMD in patients with highly malignant osteosarcoma, for example, the duration of symptoms before diagnosis or the patients' age at surgery, showed differences between groups of patients with normal BMD and patients with osteopenia or osteoporosis, but these were not significant. Age at surgery, which also means age at chemotherapy, must be relevant because a higher impact on the accumulation of bone mass would be significant the earlier the disturbance occurred. No differences were seen between the different COSS protocols, the level of activity expressed by the functional score according to Enneking et al 13 or the histological regression score of Salzer et al. 15 In female patients the age of the menarche correlates significantly with a lower BMD (p = 0.01); the earlier the menarche, the lower is the BMD. Young adult women with a delayed menarche are at risk for irregular menstrual cycles and low peak bone mass. 31 Although the absolute numbers of female patients in each group were too small to draw conclusions, there were differences between the mean values for the three WHO groups. Disturbances of the menstrual cycle (irregular cycles at the time of the follow-up examination or interruption during chemotherapy and duration of interruption during chemotherapy) (Table III) are seen to be more common in the group of patients with lower bone mass (osteopenic or osteoporotic). The use of oral contraceptives itself and a longer duration of use seem to have protective effects, which is also seen in young women of reproductive age with a hypo-oestrogenic condition. 32 While the number of births is distributed equally across all groups, the number of miscarriages is higher in patients with lower BMD. None of these differences, however, was statistically significant.
We therefore recommend that DXA measurements be performed at the beginning or at least shortly after discontinuation of chemotherapy and, in the case of lower BMD, that follow-up examinations be made every two years thereafter, that calcium and vitamin D prophylaxis be given during or after discontinuation of chemotherapy, and in the case of osteoporotic BMD values, according to the WHO guidelines, that antiosteoporotic treatment be given.
